The current dogma is that the differential regulation of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) synthesis and secretion is modulated by gonadotropinreleasing hormone (GnRH) pulse frequency and by changes in inhibins, activins, and follistatins both at the pituitary and at the peripheral level. To date no studies have looked at the overlapping function of these regulators in a combined setting. We tested the hypothesis that changes in GnRH pulse frequency alter the relative abundance of these regulators at the pituitary and peripheral levels in a manner consistent with changes in pituitary and circulating concentrations of FSH; that is, an increase in FSH will be accompanied by increased stimulatory input (activin) and/or reduced follistatin and inhibin. Ovariectomized ewes were subjected to a combination hypothalamic pituitary disconnection (HPD)-hypophyseal portal blood collection procedure. Hypophyseal portal and jugular blood samples were collected for a 6-h period from non-HPD ewes, HPD ewes, or HPD ewes administered GnRH hourly or every 3 h for 4 days. In the absence of endogenous hypothalamic and ovarian hormones that regulate gonadotropin secretion, 3-hourly pulses of GnRH increased pituitary content of FSH more than hourly GnRH, although these differences were not evident in the peripheral circulation. The results failed to support the hypothesis in that the preferential increase of pituitary content of FSH by the lower GnRH pulse frequency could be explained by changes in the pituitary content of inhibin A, follistatin, or activin B. Perhaps the effects of GnRH pulse frequency on FSH is due to changes in the balance of free versus bound amounts of these FSH regulatory proteins or to the involvement of other regulators not monitored in this study.
INTRODUCTION
It is well established that gonadotropin-releasing hormone (GnRH) regulates the release of both luteinizing hormone LH and follicle-stimulating hormone (FSH) [1] . In spite of this common mediator, divergent circulating patterns of LH and FSH are often encountered both in physiological and in pathophysiological situations. Earlier studies of Wildt and Knobil [2] provided the first evidence that changes in patterns of GnRH input to the pituitary are important for differential patterns of LH and FSH secretion, with lower frequencies favoring FSH and higher frequencies LH. The influence of GnRH pulse frequency in facilitating divergent LH/FSH release appears to involve changes in pituitary paracrine/ autocrine regulators of FSH, namely, activins, inhibins, and follistatins [3] [4] [5] [6] .
Activins and inhibins, members of the transforming growth factor b family of growth and differentiation factors, and follistatins, binding proteins that neutralize activins, are major regulators of FSH production [7, 8] . Activins are dimers of either b-subunits (activin A, bA-bA; activin B, bB-bB; activin AB, bA-bB), while inhibins are dimers of a structurally dissimilar a-and b-subunits (inhibin A, a-bA; inhibin B, a-bB) [7, 9] . Inhibins can antagonize the action of activins [10] [11] [12] [13] . It is believed that the relevant form of activin that regulates FSH secretion is activin B, as neutralizing antiserum directed against the activin bB-subunit but not bA-subunit profoundly suppresses FSH secretion [14, 15] . Follistatins exist as a number of isomers, with the most characterized known as follistatin 288 and follistatin 315 [8] . Follistatins can bind both activins and inhibins through their b-subunits [16] . Activins maintain activity only when not bound to follistatins, and the binding of follistatins to inhibin has a lower affinity [17] . In addressing the role of these FSH-regulatory proteins in mediating FSH secretion, it is important to consider the relative presence of the various regulators from both an endocrine (peripheral) and paracrine (intrapituitary) perspective [18, 19] .
While large strides have been made in support of a role for inhibins, activins, and follistatins in the control of FSH, we are far from gaining a full understanding of the nature of this complex regulation. For example, are the differential effects of GnRH pulse frequency on FSH release due to an altered equilibrium of inhibins, activins, and follistatins? Namely, is there a shift toward higher activin bioavailability (stimulatory input to FSH) when FSH is high and reduced activin bioavailability (reduced stimulatory input to FSH) when FSH is low? Several in vitro studies have documented changes in steady-state levels of pituitary follistatins and subunit mRNAs of inhibins and activins as a function of changes in GnRH pulse patterns and consistent with changes in levels of expression of FSHB mRNA [3] [4] [5] [6] . For example, exposure of perifused rat pituitary cells to different frequencies of GnRH results in an inverse relationship between mRNA expression patterns of FSHB and follistatins [3] . Similar studies relating changes in FSH to intrapituitary measures of these regulators at the protein level are limited. One study using pooled pituitary extract found an inverse relationship between pituitary concentration of follistatin and FSH during the rat estrous cycle [20] . A limitation in our current understanding of FSH regulation is that there is no study examining all of these regulatory proteins in unison in spite of their overlapping functions. We tested the hypothesis that changes in GnRH pulse frequency differentially regulate LH and FSH and alter the relative abundance of FSH regulators at the pituitary and peripheral levels in a manner consistent with changes in pituitary and circulating concentrations of FSH, that is, an increase in FSH being accompanied by increased activin and/or decreased inhibin and follistatin, and vice versa.
MATERIALS AND METHODS

Animal Model
Sheep were used as the experimental animal because secretory patterns of GnRH can readily be monitored in pituitary portal blood. To address the influence of changes in GnRH pulse frequency in modulating the relative equilibrium of FSH-regulatory proteins, in the absence of other hypothalamic factors that regulate the anterior pituitary, we utilized a combination hypothalamic pituitary disconnection (HPD)-hypophyseal portal collection approach. This approach allows comparison of the profile of delivered pattern of GnRH with the endogenous GnRH pulse profile near the site of delivery to the pituitary. In general, absence of LH pulses following HPD is used as an index of successful elimination of endogenous GnRH input to the pituitary. Ovariectomized sheep were used in the study to assess the effect of GnRH pulse frequency in the absence of ovarian steroids and inhibins.
Experimental Design
Twenty-three Suffolk ewes ovariectomized (OVX) during the nonbreeding season (June-July) of two successive years were utilized to study the effect of GnRH pulse frequency in the absence of other hypothalamic and ovarian factors. A month after ovariectomy, 18 of the 23 OVX ewes underwent surgical HPD using a modification [21] of a transnasal-transphenoidal procedure developed by Clarke et al. [22] . A piece of Teflon was placed between the hypothalamus and the pituitary to provide a physical barrier that ensures that hormonal communication between the hypothalamus and pituitary is eliminated. At the time of HPD surgery, all ewes were simultaneously fitted with an apparatus for the collection of hypophyseal portal blood using a previously described approach [23, 24] . Five non-HPD controls were also fitted with this hypophyseal portal collection apparatus. Seven days after surgery, blood samples were obtained from all HPD animals at 10-min intervals for 5 h to determine if LH pulsatility was ablated. LH pulses were evident in two of the 18 animals, suggesting HPD was incomplete; these ewes were removed from the experiment. The remaining 16 animals were assigned to one of three groups. Group 1 served as an HPD control (n ¼ 6) and received no further treatment. Group 2 received hourly injections of GnRH (n ¼ 5), and group 3 received injections of GnRH every 3 h (n ¼ 5). These frequencies are within the range observed in ovary-intact ewes during the follicular and luteal phases of estrous cycle, respectively [25] . GnRH (2 ng/kg body weight) was administered manually as i.v. injections beginning 7 days after HPD surgery. All sheep were heparinized, and the pituitary portal vessels were lesioned to initiate hypophyseal portal blood flow as described earlier [24] . After establishment of stable blood flow, hypophyseal portal (for measurement of GnRH and secretory patterns of gonadotropins) and peripheral (for determination of peripheral patterns of gonadotropins) blood samples were collected at 5-min intervals for 6 h beginning 90 h after start of GnRH administration (last 6 h of 4-day GnRH treatment). GnRH measurement in hypophyseal portal circulation served two purposes: 1) to validate that hypothalamic input to the anterior pituitary had been eliminated by HPD and 2) to provide a reference for establishing if the amount and pattern of exogenous GnRH delivered to the pituitary was physiological.
Hypophyseal portal samples were collected into tubes containing 0.5 ml of 3 3 10 À3 M bacitracin (Sigma Chemical Co., St. Louis, MO) in PBS, using an automated sampling procedure as previously described [26] . This collection approach defines the temporal nature of GnRH signal reaching the pituitary. At the end of collection, all ewes were euthanized with a barbiturate overdose (Beuthanasia, Schering-Plough Animal Health Corp., Kenilworth, NJ) to confirm appropriate lesion of pituitary vasculature. Visual inspection showed no infarction of the anterior pituitary. Pituitaries were weighed and snap frozen in liquid nitrogen for the subsequent determination of pituitary content of LH, FSH, inhibin A, activin A, activin B, and total follistatins. Each pituitary was later homogenized in radioimmunoassay buffer and centrifuged at 16 000 3 g, and supernatants were stored at À708C as stock concentrations of 0.5 mg pituitary/ml for the assessment of pituitary hormonal content. All experimental procedures were approved by the University of Michigan Committee on the Use and Care of Animals.
Hormone Assays
Hypophyseal portal samples were extracted in methanol and duplicate aliquots of the extract assayed for GnRH using a well characterized radioimmunoassay [26] . The GnRH assay sensitivity (2 SD from the buffer control) and ED 50 were 0.02 6 0.003 pg and 0.91 6 0.07 pg (mean 6 SE, n ¼ 6 assays), respectively. The intra-assay coefficient of variation (CV) was 4.8 6 2.1%, and the interassay CV, based on a quality control pool averaging 1.62 6 0.04 pg/ml, was 10.9%. LH concentrations in hypophyseal portal and jugular plasma were determined using a validated competitive double antibody radioimmunoassay [27] . Measurement of gonadotropins in hypophyseal portal blood provides a better assessment of secretory dynamics [28] . The assay sensitivity (2 SD from the buffer control) and 50% displacement point of the LH assay was 0.17 6 0.02 ng (0.86 6 0.12 ng/ml, n ¼ 7 assays) and 0.67 6 0.01 ng/tube, respectively. The mean intra-assay CVs at 80% and 20% displacement points were 7.0 6 0.6% and 2.6 6 0.3%, respectively. The interassay CVs in three quality control pools averaging 0.76 6 0.08, 12.91 6 0.3, and 21.65 6 0.47 ng/ml were 21.8%, 6.2%, and 5.7%, respectively. FSH was measured in duplicate samples (n ¼ 6 assays) with a validated radioimmunoassay [29] using reagents from the National Hormone and Pituitary Program. The assay sensitivity (2 SD from the buffer control) and 50% displacement point of FSH assay were 0.07 6 0.00 ng (0.99 6 0.12 ng/ ml, n ¼ 6 assays) and 0.59 6 0.04 ng/tube, respectively. The mean intra-assay CVs at 80% and 20% displacement points were 7.6 6 0.7% and 3.81 6 0.3%, respectively. The interassay CVs based on two quality control pools averaging 4.59 6 0.15 and 25.78 6 0.85 ng/ml were 7.9% and 8.0%, respectively.
Total activin A (bound plus free) was measured in pooled 2-hourly plasma samples using a specific ELISA (Oxford Bio-Innovations, Oxfordshire, U.K.) validated for use in sheep [30, 31] . The standard used was human recombinant activin A. Standards and samples were diluted in 5% BSA/0.01M PBS. Crossreactivity of inhibin A, inhibin B, and activin A in this assay is reported to be less than 0.5% [31] . A solution of 6% sodium dodecyl sulfate was added (3% final concentration) followed by boiling for 3 min to liberate activin A from any binding proteins. Activin A concentrations in pituitary homogenates were measured after minor modifications to the original protocol: standard and samples were diluted in 0.05% BSA in PBS to match the protein concentration of the samples. The samples were allowed to cool before the addition of H 2 O 2 (2% final concentration) and subsequent 30-min incubation. Twenty-five microliters of 5% BSA/0.1 M Tris/5% Triton X-100/0.9% NaCl/0.1% NaN 3 were added to each well prior to the addition of the treated samples. Duplicates were added to the anti-bA subunit monoclonal antibody-coated plate and incubated overnight at room temperature. The plates were washed, and the second detection antibody (biotinylated anti-bA subunit monoclonal antibody) was added for 2 h at room temperature. After washing, alkaline phosphatase linked to streptavidin was added to the wells and incubated at room temperature for 1 h. After further washes, the alkaline phosphatase activity was detected using an amplification kit (ELISA Amplification System; Invitrogen). Crossreactivity of inhibin A and activin B in this assay is reported to be less than 0.5% [31] . The limit of detection for the activin assays was 0.01 ng/ml. For the plasma samples, the average intra-assay CV was 6.7%, and the interassay CV was 7.2% (n ¼ 3 assays). For the pituitary extracts, the intra-assay CV was 3.8%, and the interassay CV was 4.1% (n ¼ 2 assays).
Total activin B (bound plus free) in pituitary extracts and pooled peripheral plasma samples were measured using a recently developed ELISA [32] , which uses monoclonal antibody ''46A/F'' as both the capture and the detection antibody. Cross-reactivity of inhibin A, inhibin B, and activin A in this assay is reported to be less than 0.1% [32] . Activin B standards were prepared in PBS containing 5% BSA, using recombinant activin B from R&D Systems Europe Ltd (Abingdon, Oxfordshire, U.K.). Validity of the activin B assay for sheep samples was confirmed by showing that increasing volumes of ovine pituitary extracts as well as peripheral plasma yielded potency estimates in parallel with the standard curve (Fig. 1) . The assay sensitivity, intra-, and interassay CVs averaged 0.011 ng/ml, 3.5% and 9.2%, respectively.
Immunoreactive inhibin in peripheral samples and pituitary extracts was measured by a heterologous radioimmunoassay [33] validated for use in sheep, SHARMA ET AL. using human recombinant inhibin as standard and tracer. The assay cross-reacts 288% with pro-aC, the prosequence of the inhibin a-subunit. For serum/plasma samples, castrate ram serum, which contained no detectable inhibin A, was used as diluent to eliminate any matrix effect of the plasma. For pituitary extracts, the diluent was PBS with BSA matched to the protein concentration of the samples. For the plasma samples, the average intra-assay %CV was 7.9%, and the interassay %CV was 2.2% (n ¼ 2 assays). For the pituitary extracts, the average intra-assay %CV was 9.2%, and the interassay %CV was 10.5% (n ¼ 3 plates). The limit of detection for the all assays was 0.21 ng/ml.
Total inhibin A concentrations were measured using an ELISA specific for ovine inhibin [34] using anti-bA subunit monoclonal coated plates (Oxford Bio-Innovations, Oxfordshire, U.K.) and modified using a biotinylated monoclonal antibody (PPG-1) specific for the ovine a-subunit [35] . Crossreactivity of inhibin B, activin A, and activin B in this assay is reported to be less than 0.1% [34] . The standard used was a pool of bovine follicular fluid calibrated in this assay against the WHO 91/684 inhibin A standard. For plasma samples, castrate ram plasma, which contained no detectable inhibin A, was used as diluent to eliminate any matrix effect of the plasma. For pituitary extracts, the sample diluent was PBS with BSA matched to the protein concentration of the samples. For the plasma samples, the average intra-assay CV was 3.5%, and the interplate CV was 7.5% (n ¼ 6 plates). For the pituitary extracts, the average intraplate CV was 7.1%, and the interplate CV was 6.6% (n ¼ 2 plates). The limit of detection for the all assays was 0.062 ng/ml. Measures of inhibin B were not undertaken, as earlier studies found no detectable inhibin B levels in ram circulation or ovine follicular fluid [36] .
Total follistatin concentrations were measured using a discontinuous radioimmunoassay as described previously [37] . This detects ''total'' follistatin using a reagent that dissociates the activin-follistatin complex. For pituitary extracts, the diluent was PBS with BSA matched to the protein concentration of the samples. For the plasma samples, the average intra-assay CV was 7.8%, and the interassay CV was 3.1% (n ¼ 2 assays). The limit of detection was 2.30 ng/ ml. For the pituitary extracts, the average intra-assay CV was 11.7%, and the interassay CV was 4.5% (n ¼ 3 assays). The limit of detection was 1.60 ng/ml.
Statistical Analysis
Data from one HPD control ewe and one HPD ewe receiving 3-hourly injections of GnRH were incomplete and excluded from analyses since sample collection was terminated because of low hematocrit. This resulted in a sample size of five ewes for the non-HPD control, HPD control, and HPD hourly GnRH groups and four ewes for the HPD 3-hourly GnRH group. GnRH and LH pulses (both at the hypophyseal portal and at the peripheral level) were identified using the Cluster algorithm [38] for assessment of frequency, total GnRH/LH secreted within a pulse (area), and pulse duration. Only pulses with upslopes and downslopes were included in estimates of pulse frequency and amplitude. FSH data were not subjected to pulse analyses because of the predominant constitutive pattern of release. The Cluster algorithm identifies pulses using criteria that defines a pulse such that the peak of the pulse differs significantly from both the preceding and the following nadirs according to two-sample t-tests. For LH analysis with Cluster, the minimum number of data points in a peak and nadir were set at 2 and 2, respectively, and the t-statistic values used to identify a significant increase from preceding nadir and a decrease to following nadir were also set at 2.0. For GnRH, the minimum number of data points in a peak and nadir were set at 1.0 and 1.0, respectively. Differences in all measured variables for GnRH, LH, FSH, and the FSH regulatory proteins between the four treatment groups were compared by analysis of variance after appropriate transformations (square root for number of pulses and log transformation for all other variables) to test for changes in mean GnRH, LH, FSH, activin A, activin B, inhibin A, follistatin concentrations, GnRH and LH pulse frequency, GnRH and LH pulse area, and duration of GnRH pulse. All statistical analyses were carried out with the aid of the Statview for Macintosh statistical computer package. Post hoc testing was by Scheffe t-statistic. Significance was defined as P , 0.05.
RESULTS
Patterns of Hypophyseal Portal GnRH and Peripheral LH and FSH
Representative patterns of GnRH in hypophyseal portal blood and LH and FSH in peripheral blood from a non-HPD control, HPD control, and HPD ewes treated with hourly and 3-hourly boluses of GnRH are presented in Figure 2 . As expected, high-frequency endogenous GnRH and LH pulses were found in non-HPD control ewes, with each GnRH pulse accompanied by an LH pulse. There were no GnRH or LH pulses in HPD control ewes. Administration of hourly or 3-hourly boluses of GnRH resulted in GnRH and LH patterns consistent with the delivery pattern of GnRH. As has been previously reported, clearly distinguishable episodes of FSH release were not evident in the peripheral circulation of any of the groups. Figure 3 summarizes the GnRH pulse characteristics in non-HPD control, HPD control, and HPD ewes receiving exogenous GnRH boluses. GnRH pulse frequency in non-HPD controls averaged approximately five pulses during the 6-h collection period (Fig. 3A) . The GnRH frequency in HPD 
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animals receiving hourly or 3-hourly GnRH boluses was consistent with what was expected from the delivery pattern. The GnRH frequency in HPD animals receiving hourly GnRH resembled the endogenous GnRH pulse frequency of the non-HPD controls (Fig. 3A) . The pattern of GnRH measured in the hypophyseal portal circulation produced by exogenous GnRH boluses, however, differed from that of endogenous GnRH pulses (Fig. 3B) . Specifically, the amplitude, total amount, and duration of exogenous GnRH were all greater (P , 0.05) than corresponding values for endogenous GnRH pulses from non-HPD ewes (Fig. 3C) . Figure 4 summarizes LH/FSH secretory characteristics determined from measures of LH and FSH in hypophyseal portal blood for the four groups. LH pulse frequency in hypophyseal portal blood mirrored GnRH frequency and showed 100% concordance with GnRH in all groups (Fig.  4A, left panel) . Total LH secreted per pulse in non-HPD controls and HPD ewes receiving hourly GnRH pulses were similar (Fig. 4A, right panel) . Total LH secreted per pulse of sheep receiving 3-hourly pulses of GnRH was significantly greater than those receiving hourly pulses of GnRH or the non-HPD ewes (P , 0.05) (Fig. 4A, right panel) . FSH was detectable in all groups, including HPD controls not receiving GnRH. Since clearly definable episodes of FSH release were not evident for FSH, variance across sampling window was used as an index for changes in secretory dynamics. Variance associated with FSH across the sample series was low (P , 0.05) in the HPD controls compared with HPD ewes receiving 3-hourly administration of GnRH or non-HPD controls (Fig.  4B) . Figure 5A summarizes mean peripheral LH and FSH concentrations over the 6-h collection period and LH/FSH ratio in the four treatment groups. Peripheral LH was reduced .90% and near detection limit in HPD controls not treated with GnRH compared with non-HPD controls. Mean LH in those animals receiving hourly administration of GnRH for 4 days did not differ from that of the non-HPD controls. Threehourly GnRH for 4 days also increased mean LH concentrations relative to HPD controls but only to 50% of non-HPD controls. Mean FSH levels 11 days post-HPD were reduced by ;80% in HPD animals not receiving GnRH compared with non-HPD controls. Both hourly and 3-hourly boluses of GnRH for 4 days restored FSH to values seen in non-HPD controls. LH/FSH ratio of HPD animals receiving hourly pulses of GnRH did not differ from non-HPD or HPD controls. LH/FSH ratio in those receiving 3-hourly pulses of GnRH was lower than the non-HPD controls and HPD ewes receiving hourly pulses of GnRH. LH/FSH ratio of HPD controls not treated with GnRH was lower than that in the non-HPD controls. LH/ FSH ratio of HPD ewes receiving 3-hourly GnRH differed from those receiving hourly GnRH and non-HPD controls.
LH-FSH Secretory Characteristics
GnRH Frequency Modulation of Pituitary LH and FSH
Figure 5B summarizes pituitary content of LH and FSH in the four groups of animals. Pituitary LH content was similar across groups (left panel). Pituitary FSH content was higher in HPD ewes receiving 3-hourly boluses of GnRH for 4 days compared with HPD controls receiving no GnRH or hourly GnRH for 4 days (right panel) but similar to that of non-HPD controls. Pituitary weights did not differ across treatment groups (data not shown).
FIG. 3. GnRH dynamics. A)
Frequency estimates derived from measures of GnRH in hypophyseal portal blood. Differing letters indicate significant differences (P , 0.05). B) Patterns of endogenously produced (non-HPD controls) and exogenously delivered (composite from HPD ewes administered hourly and 3-hourly GnRH) patterns of GnRH. C) Mean 6 SEM of GnRH pulse amplitude (Amp), area, and duration (bottom). Asterisks indicate significant differences (P , 0.05).
FIG. 4. A)
Mean LH pulse frequency, total LH secreted in each LH pulse during the 6-h sampling period from non-HPD controls, HPD controls, and HPD ewes given hourly or 3-hourly pulses of GnRH. B) The variances associated with FSH measured during the same period. These estimates are based on measures of LH and FSH in hypophyseal portal circulation. For comparison, GnRH frequency estimates from Figure 3 are coplotted as gray bars behind LH frequency estimates. Differing letters indicate significant differences (P , 0.05).
SHARMA ET AL.
GnRH Frequency Modulation of Circulating FSH Regulatory Proteins
Measurable levels of immunoreactive inhibin were found in circulation and did not differ between treatment groups (data not shown). Dimeric inhibin A levels were undetectable in all four groups. Plasma activin A levels were higher in HPD animals compared with non-HPD controls (Fig. 6A) . Plasma activin A levels were not altered by hourly or 3-hourly boluses of GnRH compared with HPD controls. Plasma activin B levels tended to be higher in HPD controls compared with non-HPD controls (Fig. 6B) . Plasma activin B levels were higher in HPD animals receiving GnRH at hourly or 3-hourly intervals compared with non-HPD controls. Plasma levels of follistatin were higher in HPD animals receiving no GnRH compared with non-HPD animals (Fig. 6C) . Three-hourly but not hourly boluses of GnRH for 4 days restored circulating follistatin levels back with non-HPD control levels.
GnRH Frequency Modulation of Pituitary Content of FSH Regulatory Proteins
Immunoreactive inhibin levels were reduced in HPD controls compared with non-HPD controls (Fig. 7A) . Immunoreactive inhibin levels of HPD animals receiving 3-hourly administration of GnRH were similar to non-HPD controls but differed significantly from the HPD controls. Immunoreactive inhibin levels of HPD animals receiving hourly administration of GnRH were intermediate between HPD controls and HPD ewes receiving 3-hourly pulses of GnRH but did not differ significantly from the other three groups. There were no differences in dimeric inhibin A levels across treatment groups (Fig. 7B) . Activin A was not detectable in pituitary homogenates. Pituitary activin B levels did not differ between treatment groups (Fig. 7C) . Follistatin levels were similar in non-HPD controls, HPD controls, and ewes receiving hourly injections of GnRH (Fig. 7D) . Three-hourly boluses of GnRH increased follistatin levels significantly compared to the other three groups.
DISCUSSION
Our findings provide supportive evidence that, in the absence of hypothalamic and ovarian input, 3-hourly pulses FIG. 5. A) Mean circulating levels of LH, FSH, and LH/FSH ratio from non-HPD control, HPD control, HPD ewes given hourly GnRH, and HPD ewes given 3-hourly GnRH groups. B) Pituitary LH and FSH content from same groups of animals. Differing letters indicate significant differences (P , 0.05). A (A), activin B (B) , and total follistatin (C) in the non-HPD control, HPD control, HPD ewes given hourly GnRH and HPD ewes given 3-hourly GnRH groups. Differing letters indicate significant differences (P , 0.05).
FIG. 6. Circulating concentrations of activin
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of exogenous GnRH increase pituitary content of FSH more than hourly GnRH and that these differences in pituitary FSH content were not reflected in peripheral FSH concentrations. However, the relative balance of pituitary inhibin A, follistatin, and activin B in response to GnRH pulse frequency were not consistent with what would be predicted from expected changes in FSH production and release. These findings as they relate to the current dogma of GnRH frequency modulation of LH and FSH release and the role of pituitary paracrine regulators of FSH are discussed below.
GnRH Frequency Modulation of Gonadotropins
Current dogma is that changes in GnRH pulse frequency differentially regulate LH and FSH release with low-frequency GnRH selectively increasing FSH release, although evidence exists to the contrary [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . In the present study, the hourly and 3-hourly frequencies of GnRH resulted in similar magnitude increase in both FSH and LH release in ovariectomized sheep devoid of endogenous GnRH stimulation of the pituitary, although a selective increase in FSH content at the pituitary level was evident with the lower-frequency GnRH stimulation. Earlier studies with gonadectomized HPD sheep are inconsistent. Reducing GnRH pulse frequency from high (one pulse per hour) to low (one pulse every 2 or 4 hours) preferentially increased FSH release [41] . On the contrary, increasing GnRH pulse frequency from low to high frequency (4 h to hourly) did not reduce FSH release [41] . Studies with gonad-intact rams found increasing GnRH pulse frequency from low to high (2-hourly to hourly) reduced FSH release, while the converse, namely, going from high to low (hourly to 2-hourly), had no effect on FSH secretion [42] . These divergent outcomes relative to frequency modulation of FSH secretion in the previous studies and our study may stem from 1) sequential testing of GnRH frequency in the same animals in earlier studies as opposed to use of separate animals in this study, 2) breed differences (Merino in earlier study vs. Suffolk in this study), 3) dose of GnRH (500 ng in the earlier studies vs. 150 ng in this study), or 4) differences in duration of GnRH treatment prior to monitoring LH and FSH (1 wk in earlier study vs. 4 days in our study). Considering that lowerfrequency GnRH pulses for 4 days increased FSH within the pituitary but not in peripheral circulation, it is conceivable that, with longer treatment, the increased pituitary FSH content seen in the 3-hourly GnRH treatment group might be translated into preferential FSH increases in peripheral circulation.
GnRH Frequency Modulation of Regulators of FSH
Peripheral level. The absence of dimeric inhibin A in the circulation in this study is consistent with the premise that the ovary is the primary source of circulating inhibin A [49] and the fact that ewes in this study were ovariectomized. Measurable levels of immunoreactive inhibin in circulation likely represent inhibin a subunit from various sites since this assay detects both dimeric inhibin and inhibin a subunit [33] . While evidence points to likely presence of inhibin B at several sites including pituitary, brain, and the adrenal in various species [50, 51] , inhibin B has not been detected in circulation or ovine follicular fluid [36] . The directional changes in circulating levels of regulatory proteins in HPD control (increased levels of activin A, activin B [trend], and total follistatin) relative to non-HPD controls (Table 1) suggests that there is an inhibitory influence of hypothalamic regulators on circulating pools of activins and total follistatin. Hypothalamic and/or pituitary regulators of activins and follistatin distinct from GnRH that might be altered following HPD have not been well defined. Potential candidates include those that stimulate follistatin mRNA, such as thyrotropin-releasing hormone [52] and pituitary adenylate cyclase-activating polypeptide [53] and SHARMA ET AL.
cortisol, which has been shown to inhibit activin b-subunit mRNA and protein [54] .
From an FSH regulatory perspective, an increase in total follistatin in HPD controls relative to non-HPD controls is consistent with the reduced FSH levels ( Table 1) . Paradoxically, the fall in FSH in HPD controls relative to non-HPD controls was also accompanied by an increase in activin A and B, not a decrease. Earlier studies with sheep have found that activin negatively regulates LH release [55] . The opposing changes in activin and LH following HPD are, therefore, consistent with this premise. Comparison of changes in regulatory proteins in HPD ewes administered GnRH with HPD controls not administered GnRH revealed no effects of altering the frequency of GnRH on circulating levels of activin A and B (Table 2 ). Both slow-and high-frequency of GnRH pulses increased FSH, but this increase was not accompanied by an increase in stimulatory input (activin) or decrease in total follistatin at the peripheral level.
The trend for an increase in activin B in HPD control relative to non-HPD controls (Table 1 ) and the lack of regulation by GnRH ( Table 2) are suggestive of hypothalamic inhibition of circulating activins. Taking all regulators in concert, the endocrine input to pituitary FSH from activins and follistatins appears to be very complex.
Pituitary level. The findings from this study, while confirming production of inhibin A, activin B, and follistatin within the pituitary, reveal a complex interaction between hypothalamic GnRH and the paracrine environment (Tables 1  and 2 ). The main GnRH-induced change that was evident at the pituitary level was with total follistatin and immunoreactive inhibin (not seen with dimeric inhibin A; Table 2 ). No changes in activin B were evident with any manipulations. An increase in total pituitary follistatin levels with 3-hourly but not hourly pulses of GnRH relative to HPD control (Table 2 ) is also at odds with earlier findings in rats, that high-but not lowfrequency GnRH increased follistatin mRNA [3] . The differences between the present study and the Kirk et al. [3] study may relate to measures in the present study being at the protein level and the latter at the mRNA level. In the context of overall pituitary paracrine tone, contrary to what was expected, the increase in pituitary FSH in the 3-hourly GnRH group was associated with an increase, not a decrease, in total follistatins. This is paradoxical, as follistatins are negative regulators of FSH [7, 8] . A likely possibility is that FSH regulation is under autocrine control and that cell-specific changes are masked by measurement in whole pituitary. Absence of activin A in pituitary suggests circulating levels of activin A come from sites other than the pituitary; activin A is produced at various sites within the body [50, 51] . Any paracrine role for activin in influencing FSH synthesis/secretion should be therefore mediated via activin B rather than activin A. This is supported by earlier findings that neutralizing antiserum directed against the activin bB-subunit but not bA-subunit profoundly suppresses FSH secretion from rat pituitary cells in culture [14, 15] .
In addition to addressing the impact of GnRH pulse frequency on the FSH regulators, this study demonstrates the powerful combination of HPD and monitoring GnRH in hypophyseal portal circulation to assess delivery patterns of exogenous GnRH at the pituitary level. Comparison of the endogenous pattern of GnRH in portal blood of ovariectomized ewes with that of administered GnRH in HPD ovariectomized ewes revealed that the disappearance of exogenous GnRH in hypophyseal portal blood was slower than the endogenously produced GnRH. The pattern of administered GnRH in this study has been noted in the peripheral circulation of ovariectomized ewes (clamped with estradiol and progesterone to block GnRH endogenous pulses) following pulsatile administration of GnRH [56] . The more rapid disappearance of endogenous GnRH pulses was expected given that endogenous pulses are measured in hypophyseal portal circulation only during their first pass, and they get rapidly diluted in the peripheral circulation, where they become immeasurable. Larger amounts of GnRH need to be administered peripherally to enable sufficient concentrations of GnRH to reach the pituitary. While the disappearance of administered GnRH reflects the circulating half-life of GnRH [57] , the disappearance of endogenous GnRH from hypophyseal portal blood reflects dilution into the larger body of peripheral blood.
Interestingly, the differences in magnitude and duration of endogenous and exogenous GnRH dynamics did not translate to differences in peripheral LH pulse patterns. LH pulse amplitude and total LH released within a pulse were similar between non-HPD ewes and HPD ewes receiving hourly pulses of GnRH. Although unlikely, one possibility is that the delivered GnRH pulses exceed the maximal effective concentrations of GnRH. It is also possible that the LH response to GnRH in non-HPD ewes is potentiated by other hypothalamic factors that would not have influenced pituitary function in HPD ewes. Examples of peptides involved in potentiating response to GnRH include galanin [58] and pituitary adenylate cyclase activating peptide [59] . These findings emphasize the need to exercise caution when deciphering amplitude modulation of GnRH on the basis of LH pulse amplitude.
Relative to pituitary LH content, the lack of a drop in pituitary LH content in HPD ewes not treated with GnRH might reflect the lack of LH release in the absence of GnRH coupled with insufficient elapsed time between HPD surgery and tissue collection for pituitary LH stores to be depleted. 
HYPOTHALAMIC CONTROL OF FSH-REGULATORY PROTEINS
In summary, findings from this study document that GnRH pulse frequency, in addition to being important in regulating FSH production, is important in determining relative amounts of FSH regulatory proteins, specifically follistatin within the pituitary. The findings also emphasize that circulating activin A and B are under hypothalamic inhibition. However, GnRH frequency modulation of total activins, inhibins, and follistatins were unable to account in a straightforward manner for the observed changes in FSH. Specifically, increased FSH production was not accompanied by an increase in stimulatory (activins) or decreased inhibitory (follistatins/inhibins) input to the pituitary, and decreased FSH was not accompanied by reduced stimulatory or increased inhibitory input. Perhaps the effect of GnRH pulse frequency is mediated via changes in the balance of free versus bound amounts of these FSH regulatory proteins (this study measured total concentrations of FSH regulators) or involves other regulators not monitored in this study.
